The ability of an iron oxide/fly ash composite adsorbent prepared with municipal solid waste fly ash and iron nitrate to remove phosphate ions from aqueous solutions has been tested. The characteristics and physicochemical performances of the composite were investigated via nitrogen adsorption and scanning electron microscopy (SEM) studies. The comparative adsorption of phosphate ions by the composite adsorbent and fly ash was investigated using batch experiments.
INTRODUCTION
Phosphorus can provide an additional nutrient for the growth of photosynthetic macro-and micro-organisms in aquatic bodies, but it also leads to an eutrophication problem especially in enclosed water bodies. The removal of phosphate ions from waters can provide an effective method for the control of eutrophication in natural waters. Typical removal methods for high concentrations of phosphate ions consist of biological treatments, such as the conventional activated sludge process, chemical treatments such as precipitation with Al-, Fe-and Ca-containing compounds, or a combination of both treatments (Ayoub et al. 2001; de-Bashan and Bashan 2004) . However, where low concentrations of phosphate ions occur, such as in storm water runoff, biotreatment and precipitation, these methods are not effective. Instead, adsorption methods are recommended as the most effective removal processes for phosphate ions at low concentrations (Hano et al. 1997; Zhao and Sengupta 1998; Özacar 2003) . For this reason, it becomes necessary to evaluate the capacities of some low-cost adsorbents towards the elimination of phosphate ions from water.
It is well known that the phosphate ion has a relatively strong affinity for mineral surfaces (Stumm 1992) . Thus, in recent years, considerable attention has been paid to the investigation of different types of low-cost adsorbents, such as alum sludge (Galarneau and Gehr 1997) , red mud (Pradhan et al. 1998) , goetite (Buerge-Weirich et al. 2002) , birnesite (Manning et al. 2002) , zeolite (Tillman et al. 2005 ) and other waste materials (Agyei et al. 2000) . However, as a result of their lower adsorption capacities and poor adsorption kinetic properties, these adsorbents cannot be widely used. Recent studies have shown that some filtration materials such as sand and burned clay coated with oxides of aluminium, iron or manganese act as good and inexpensive adsorbents (Ayoub et al. 2001; Boujelben et al. 2008; Han et al. 2006a,b) . The adsorption efficiency of these adsorbents depends not only on the pH of the water and on the toxic element concentration, but also on the presence of interfering competitive ions as well as on the adsorbent particle size (Appenzeller et al. , 2002 Chandra and Gupta 2004) .
The present study investigates the use of an iron oxide/fly ash composite adsorbent (municipal solid waste fly ash coated with iron oxide) for the removal of phosphate ions from aqueous solutions by batch adsorption experiments. The surface properties of the adsorbent were investigated via BET microporosity measurements and scanning electron microscope (SEM) studies. The effects of some operating parameters (contact time, initial solution pH, phosphate ion concentration and temperature) were studied. The adsorption isotherms and kinetics of phosphate ion adsorption onto fly ash coated with iron oxide were examined.
MATERIALS AND METHODS

Adsorbent synthesis
The composition of the municipal solid waste fly ash (mass fraction) used in this work is listed in Table 1 . Fly ash was first soaked in an acidic solution (1 mol/ᐉ HCl) for 24 h, rinsed with de-ionized water and then dried at 80 o C. The dried fly ash was then coated before use as follows. Thus, 100 g of fly ash was shaken with 100 mᐉ of a 0.25 mol/ᐉ Fe(III) ion solution and the final pH adjusted to a value of ca. 9 by the addition of a 3 mol/ᐉ solution of sodium hydroxide. Following this procedure, the coated fly ash was removed by filtration and washed with de-ionized water until the rinse was neutral. Finally, the adsorbent was dried at 100 o C for 8 h and stored in polystyrene bottles prior to further use.
Chemicals
Aqueous solutions containing phosphate ions (PO 4 3-) at various concentrations were prepared from sodium dihydrogen phosphate (NaH 2 PO 4 ). The initial pH values of the solutions were adjusted by the addition of 0.1 mol/ᐉ solutions of either nitric acid (HNO 3 ) or sodium hydroxide (NaOH). A stock solution containing 0.25 mol/ᐉ Fe(III) ions was prepared by dissolving Fe(NO 3 ) 3 • 9H 2 O in de-ionized water.
All chemicals used for the treatment of the adsorbent [Fe(NO 3 ) 3 • 9H 2 O, NaOH, HNO 3 , HCl] and for the adsorption tests were of analytical quality. All solutions were prepared using de-ionized water.
Characterization
The BET specific surface areas and pore volumes were obtained by the cumulative adsorption of nitrogen at -196 o C using a Micromeritics 2000 instrument (ASAP 2000, Micromeritics Corp., Norcross, GA, U.S.A.). The morphologies of iron oxide/fly ash and fly ash were examined using a scanning electron microscope (SEM, Holland Philips, JSM-5800).
Batch adsorption experiments
Batch techniques were used to investigate phosphate ion adsorption, which was examined via kinetic studies and adsorption isotherms, together with the effect of some operating parameters.
Adsorption isotherm studies were conducted by adding different amounts of fly ash or the iron oxide/fly ash composite adsorbent to 250 mᐉ of a solution containing various phosphate ion concentrations (2.0, 4.0, 6.0, 8.0, 10.0 and 12.0 mmol/ᐉ). The solution pH was maintained at 3 and the resulting suspensions were stirred for 1 h. After filtration through a 0.45 µm membrane filter, the phosphate ion concentrations of the various filtered solutions were analyzed.
Kinetic adsorption experiments were conducted as follows. Thus, 0.40 g of the composite adsorbent was suspended in 50 mᐉ of a solution containing different phosphate ion concentrations (2, 5 or 10 mg/ᐉ) and the solution pH adjusted to 3 by the addition of either 0.1 mol/ᐉ HNO 3 or 0.1 mol/ᐉ NaOH. The suspension was then stirred magnetically and samples of the supernatant taken at various times during a 1 h experiment to analyze the phosphate ion concentration.
To determine the influence of pH on phosphate ion adsorption, experiments were performed at various initial pH values ranging between 3 and 11. Initial concentrations of 10 mg/ᐉ phosphate ion and 0.4 g adsorbent per 50 mᐉ of solution were employed. The suspensions were stirred for 1 h.
In order to determine the effect of temperature on the adsorption phenomena, isotherms were determined at 18, 30 and 50 o C, respectively.
RESULTS AND DISCUSSION
Characterization of the adsorbents studied
The microstructures of the iron oxide/fly ash and fly ash adsorbents are listed in Table 2 . As the data show, deposition of iron oxide onto fly ash led to an increase in the surface area, total pore volume and average pore diameter of the sample.
The SEM micrographs of fly ash and the composite adsorbent and fly ash are shown in Figures 1(a) and (b), respectively. It will be seen from the figure that although the uncoated fly ash possessed a rough surface, that of the coated form appeared to be rougher because of the deposited iron oxide. This roughness contributed to the increase in the specific surface area listed in Table 2 for the composite adsorbent.
Batch adsorption experiments
Adsorption isotherms
The phosphate ion adsorption isotherms obtained for fly ash and the iron oxide/fly ash adsorbent are shown in Figure 2 . These isotherms represent the adsorption behaviour of phosphate ion onto the two adsorbents as a function of increasing phosphate concentration in the aqueous phase for a contact time of 1 h. Both isotherms show that the adsorption capacity increased with increasing equilibrium concentration of phosphate ion. However, the increase in the slope of the plot for the iron oxide/fly ash adsorbent is much higher than that for the fly ash adsorbent.
The data depicted in Figure 2 were analyzed using the Langmuir adsorption model to evaluate the parameters associated with the adsorption behaviour. The linear form of the Langmuir equation at a given temperature may be written as:
( 1) where C e (mg/ᐉ) is the equilibrium concentration of phosphate ion in the aqueous phase, q e (mg/g) is the amount of phosphate ion sorbed onto 1 g of the considered adsorbent, b (ᐉ/mg) is the adsorption constant related to the adsorption energy and q m (mg/g) is the maximum adsorption capacity.
Equation (1) can be re-arranged to obtain the linear form:
(2)
The adsorption data can then be fitted to the linear form of the Langmuir equation by plotting C e /q e against C e . Such a plot for the data obtained in the present work is shown in Figure 3 . These linear plots were employed to obtain the values of q m and b listed in Table 3 from the slopes and intercepts of the plot. The results listed in Table 3 show that the value of q m was higher for phosphate ion adsorption onto the iron oxide/fly ash composite. This implies that the composite had a higher adsorption capacity for phosphate ions relative to fly ash on its own. The correlation coefficients (R 2 ) listed in Table 3 show that the Langmuir equation gave a better fit to the adsorption isotherm of fly ash than to that for iron oxide/fly ash. The Freundlich isotherm model has also been used to analyze the results of phosphate ion adsorption onto the two adsorbents studied. The Freundlich model can be expressed by the following equation: where K F and n are constants relating to the adsorption capacity and adsorption affinity, respectively. The equation may be converted into the linear form by taking the logarithm of both sides as:
Hence, the fit of the adsorption data to the linear form of the Freundlich equation can be obtained by plotting log q e versus log C e . The corresponding results are depicted in Figure 4 . The Freundlich isotherm constants obtained from this plot for the adsorption of phosphate ions onto the adsorbents studied are listed in Table 4 . The data show that K F was higher for the adsorption of phosphate ions onto iron oxide/fly ash than onto fly ash alone, whereas the value of 1/n for iron oxide/fly ash was smaller than that for fly ash. These results imply that the adsorption of phosphate ions was more favourable onto the iron oxide/fly ash composite adsorbent. The correlation coefficients (R 2 ) listed in Table 4 show that the Freundlich equation gave a better fit to the adsorption isotherm for fly ash than the Langmuir equation.
Kinetic studies
To obtain adsorption kinetic information for phosphate ions onto the iron oxide/fly ash adsorbent, the change in the phosphate ion concentration with adsorption time was recorded. the variation in the percentage adsorption of phosphate ion with time on the composite adsorbent. The data depicted show that the adsorption process was rapid, with equilibrium being attained after 20 min for all three concentrations studied. At longer time lengths, the adsorption trend appeared to be constant. The kinetic data for the adsorption of phosphate ions have been analyzed using the Lagergren rate equation. The pseudo-second-order kinetic equation can be derived as: dq t /dt = k 2 (q e -q t ) 2 (5)
Separating the variables in equation (5) gives:
-d(q e -q t )/(q e -q t ) 2 = k 2 dt (6)
Integrating both sides employing the boundary conditions t = 0, q t = 0 and t = t, q t = q t , gives the integrated rate law for a pseudo-second-order process as:
1/(q e -q t ) = 1/q e + k 2 t (7)
Equation (7) can be rearranged to obtain: t/q t = 1/(k 2 q e 2 ) + t/q e (8)
The kinetic constant, k 2 , can be determined by plotting t/q t against t. The kinetic experimental data for the adsorption of phosphate ions onto the composite adsorbent could be simulated by the pseudo-second-order rate equation [equation (8)]. The results obtained are depicted in Figure 6 , while the rate constants (k 2 ) determined via the pseudo-secondorder rate equation are listed in Table 5 .
It will be seen from the data recorded in Table 5 that the kinetic data were well described by the pseudo-second-order rate equation with a minimum correlation coefficient (R 2 ) of 0.9994. It should also be noted that the values of the pseudo-second-order rate constant decreased with increasing initial phosphate ion concentration. 
Effect of pH value of initial solution
To study the effect of pH on the adsorption of phosphate ions onto the composite adsorbent, adsorption experiments were conducted at different initial pH values. Figure 7 shows the resulting data in terms of the percentage of phosphate ion removed as a function of the pH value over the range 3-11. It is evident that the percentage of phosphate ion removed strongly depended on the pH value of the solution. Thus, the removal of phosphate ions decreased dramatically with increasing pH over the range 3 < pH < 5, but when the solution pH value was in the range 6-11 this decrease diminished as the pH value increased. This result is an agreement with the observations of previous reports on the adsorption of phosphate ions (Altundogan and Tumen 2001; Horanyi and Joo 2002; Xia et al. 2002) .
This decrease in the phosphate ion uptake probably reflects competition between the phosphate ions and hydroxide ions for the surface Lewis acid sites available on the adsorbent. Indeed, the adsorption of phosphate ions onto the surface of the composite adsorbent may be described in terms of a ligand-exchange mechanism (Sposito 1989), which leads to an increase in the pH value due to the release of hydroxide ions from the adsorbent. In the present study, the final pH value was found to be > 6.0 at all the initial pH values studied. This confirms that such a mechanism operates in the adsorption of phosphate ions onto the composite surface. 
Effect of temperature
The values of q m , b and the correlation coefficients (R 2 ) for the phosphate ion adsorption isotherms obtained for iron oxide/fly ash adsorbent at different temperatures are listed in Table 6 while Table 7 gives the thermodynamic quantities deduced from these values.
The free energy change (-∆G 0 ) was obtained using the relationship:
where R is the gas constant, K L is the equilibrium constant (obtained from the Langmuir equation) and T (K) is the temperature. The negative values obtained for ∆G 0 indicate the spontaneous 
The values of ∆H 0 and ∆S 0 were calculated from the slope and intercept of the linear van't Hoff plot of log K L versus 1/T (Figure 8) . The positive values of ∆H 0 (Table 7) confirm the endothermic nature of the adsorption process while the positive values of ∆S 0 indicate an increasing randomness at the solid/solution interface during the adsorption of the phosphate ion.
CONCLUSIONS
A composite adsorbent for the removal of phosphate ion from water has been successfully prepared employing municipal solid waste fly ash and iron nitrate as raw materials. When the performance of the composite adsorbent was compared to that of fly ash, it exhibited faster adsorption kinetics as well as a high adsorption capacity. The adsorption properties of the composite adsorbent for the phosphate ion depended on the pH value of the associated aqueous solution and its anion concentration. The removal of phosphate ion decreases dramatically with increasing pH over the pH range 3-5 and then decreased slowly with further increase in the pH value. The adsorption rates decreased with increasing initial phosphate ion concentration. Both the Langmuir and Freundlich adsorption equations gave a good fit to the experimental adsorption data for the phosphate ion, with the correlation coefficients in both cases being greater than 0.969. Adsorption of the phosphate ion onto the composite adsorbent was rapid, with the kinetic data being well simulated by the Lagergren pseudo-second-order rate equation with a correlation coefficient > 0.999. The effect of temperature on the adsorption phenomena indicated that the adsorption of phosphate ions by the iron oxide/fly ash composite adsorbent was an endothermic process. .
